a b s t r a c t CPV systems aim to deliver electrical power at lower cost than will be possible with traditional photovoltaics. To achieve this, maximum performance from the solar cells should be obtained, while minimizing the cost of balance-of-system. Therefore it is important that CPV optical systems are evaluated in terms of their impact on solar cell performance. One attribute of particularly lens based CPV systems is the variance in incidence angles of light at the solar cell surface, especially when a secondary optic element is employed. The electrical performance of TJ CPV solar cells for varying angles of incident illumination is studied in detail. The solar cells suffer a loss of performance of up to 58% for oblique illumination. Calculations and ray tracing simulations show that optical losses are caused by Fresnel reflections off the ARC, and scattered reflections off the front metal grid due to surface roughness. Additionally the merit of using secondary optics in spite of this effect is shown for symmetrical CPV systems. For asymmetrical (i.e. prism based) systems however, the loss of performance may be substantially larger. Therefore grid orientation and design in respect to the optical system should be taken into account and optimized in such systems.
Introduction
Concentrated photovoltaic (CPV) systems aim to deliver electrical power at a lower cost than will be possible with traditional photovoltaics (Swanson, 2000; Baharoon et al., 2015) . To achieve this goal, maximum performance from the multijunction solar cells optimized for concentrators should be obtained, while minimizing the cost of optics, temperature control and other balance-ofsystem (Antón et al., 2003) . As efficiency limits for 3 -, 4 -and more junction III-V CPV cells continue to rise (NREL, 2016) the chances for economically viable CPV systems are increasing, yet this also puts more demands on the concentrating systems. Therefore it is important that these optical systems are evaluated in terms of their impact on the solar cell performance (Herrero et al., 2012; Rodrigo et al., 2013; Kinsey et al., 2008; Or and Appelbaum, 2014) . One attribute of in particular lens based CPV systems is the variance in incidence angles of light at the solar cell surface. Another important concern is inhomogeneity of the light distribution on the cell introduced by the optical system (Garcia et al., 2008; Fernández et al., 2011; Espinet González et al., 2012; Martin et al., 2015) . This may cause loss of performance due to an increased series resistance, as well as current mismatch between junctions (James, 1994) . Therefore, many concentrator system designs aim to minimize this inhomogeneity by means of a homogenizing Secondary Optical Element (SOE) (Benıtez and Miñano, 2003; Schmid et al., 2014) . SOEs can reduce spatial and spectral inhomogeneity via (multiple) internal reflections of the incident light. In addition, a SOE usually adds secondary concentration to a CPV system. However, while the performance is increased and the irradiance homogenized, in general the average angle of incidence (AOI) on the cell surface also increases further as illustrated in Fig. 5 . As solar cells are typically optimized for use with near-perpendicular illumination, CPV cells -especially in conjunction with a SOE -will suffer from loss of performance by the AOI variance caused by the optics. For instance the Anti Reflection Coating (ARC) may show an angular dependency, but also the exact form and orientation of the front contact grid fingers will have an increasing impact on cell performance as the average AOI increases.
Current CPV systems mostly utilize high efficiency InGaP/GaI-nAs/Ge solar cells with a grid contact for optimal performance under perpendicularly incident light. The surface coverage by the grid is kept as low as possible, yet typically up to 10% to minimize resistive losses. The contact lines are also quite high in the order of aspect ratio becomes a disadvantage as the grid lines will increasingly block the light.
In this paper the impact of oblique illumination on CPV solar cell performance is studied in detail. Previous work into this angular dependence has been dedicated to the optical coupling differences between junctions as a function of AOI and temperature (Garcia-Linares et al., 2014) . Here we study the total electrical output of CPV solar cells as a function of the AOI, and also the lateral direction of illumination as explained in Section 2.1. Additionally the optical benefits of using a SOE are investigated. Finally the optical benefit of employing a SOE and the hinderance in electrical power generation caused by it are evaluated. For this purpose generally applied square InGaP/GaAs/Ge solar cells with unidirectional front contact grid lines are used. The AOI of incident illumination is varied along two directions -parallel to the grid lines, and orthogonal to it -in order to decompose several causes of cell performance loss. Additionally, 3D ray tracing simulations are performed to study the effects of geometrical light reflections at the grid metal, as well as to study the AOI distributions caused by three different secondary optical elements.
Theory

Definition of incident angles
The AOI of light on the solar cell surface is described here using a spherical coordinate system based on the zenith angle h, and the azimuth angle u. Due to the influence of the grid line shape and orientation, the cell performance will not only depend on h but also increasingly on u for more oblique illumination.
In this work, the influence of the azimuth angle u on the cell performance is investigated by considering the AOIs in the two most distinctive planes across the cell. Firstly the plane that propagates in parallel direction to the grid lines (where u ¼ u p ) is considered. In this plane the metal grid will not cause additional reflections or shading for any h compared to normal incidence. Secondly the plane that propagates in orthogonal direction to the grid lines (where u ¼ u s , from the German senkrecht) is considered. In this case, any influence of the metal grid on the cell performance will be maximal. Zenith angles will be labeled h p and h s , denoting the plane in which the AOI is varied. This is further illustrated in Fig. 1a .
Metal grid reflections
For increasing h s an increasing fraction of the incident light will interact with the sides of the metal grid, as illustrated in Fig. 2 , potentially preventing it from reaching the semiconductor surface. Only if the sides of the grid fingers behave as perfect mirrors and are inclined perpendicular to the cell surface, can cell performance for the orientations h p and h s be expected to be equal for equal AOI, as the light would in this case simply reflect at the grid metal and reach the solar cell surface under the same angle as the directly incident light ( Fig. 1b ). If the sidewalls are not perpendicular to the cell surface, a fraction of incident light will reach the cell at different AOI, as shown in Fig. 1c and d. Fig. 2 shows a schematic cross-sections of a grid finger with side walls inclined under an angle c with the cell surface. The blue 1 arrows coming from the top represent the parallel incident light which is divided into four fractions: light that makes it to the underlying solar cell directly (L s ), light reflecting on the top of the grid finger (L t ), the light reflecting on the front side of the grid finger (L a ) and, when present light reflecting on the back side of the grid finger (L b ), analogous to L a . The lowercase fractions l i are the virtual projections of L i on the solar cell plane such that L i ¼ l i cos h s , for any fraction i. When h s 6 90 À c, incident light is reflected on both sides of the grid finger towards the solar cell surface at angles a and b with the surface. However when h s P 90 À c, a shadow is cast on the solar cell by the grid finger, represented by the difference l h À l c , decreasing the size of l s . Also, in practice these side walls will be rough on a micrometer scale depending on the technologies applied to deposit the metal contact and/or define the lateral dimensions of the grid fingers. As a result, part of the light incident on the side walls will scatter away from the cell as illustrated in Fig. 3 . 
Short circuit current densities for oblique irradiation
With the increase of h, the irradiance E e on a tilted solar cell diminishes with cos h where E 0 is the benchmark one-sun irradiation density of 1000 W/m 2 at h ¼ 0 :
As a first order approach, the short circuit current density J SC is commonly presented as proportional to E e :
where C is a constant which depends on the light spectrum and the external quantum efficiency (EQE) of the solar cell. This study demonstrates however, that variations in J SC ðhÞ cannot be explained solely by resulting variations in E e ðhÞ i.e. dC dh -0. When observing C on the level of spectral irradiance (i.e., the irradiance per wavelength, d EeðkÞ dk ), and including the AOI of incident illumination, it can be shown that:
with e the elementary charge, c the speed of light, and h the Planck constant. Here, incident irradiation density is translated into photon flux via division by the photon energy ( h c k ). Substitution and integration over the spectrum of light yields an expression for J SC as a function of h:
In this study the angular dependency of J SC caused by other factors than E e is studied using J-V measurements for oblique incident light both parallel and orthogonal the front contact metal grid. In this way any influence of the metal grid on the current generation of the solar cells is decomposed from effects caused by the epitaxial cell structure and ARC. To account for the decreasing illumination at the cell surface under inclined angles, all measured data is normalized to J SC ð0Þ Á cos h via:
Additionally, the transmission through the ARC (the applied ARC will be described in Section 3.1) T ARC , will diminish for increasing AOI. This parameter is calculated here based on the Fresnel equations for refraction of light, while interference effects are neglected, as they will have a minor impact. Again, these values are normalized to T ARC ð0Þ Á cos h via:
Because N J SC and N T ARC both represent a measure for the light entering the solar cell, they can be directly correlated to one another as long as IQEðhÞ ¼ IQEð0Þ.
Experimental
Concentrator solar cell structure
In this study, the solar cells under test are 14.9 Â 15.3 mm 2 InGaP/GaInAs/Ge CPV solar cell assemblies, equipped with an ARC for use with glass SOE and front contact metal tabs, produced by AzurSpace. The cells feature silver front grid contact (see Fig. 1a ) with fingers having inclined sides as is shown in the SEM image in Fig. 4 . An average top width of 6 lm, an average base width of 11 lm and an average height of 5.7 lm as was measured using . Roughness/scattering simulations. Surface roughness is assumed to cause scattered reflection of incident photons. Upon reflection at the grid finger, the surface normal is virtually altered with a fixed angle of 5°(a), 15°(b) and 25°(c) in a random direction. To illustrate the 'conical scattering', a set of several reflecting photons is drawn on each image. In the performed simulations, a single photon is reflected into a single random direction on the edge of the cone -never within. optical microscopy. The heart-to-heart distance of the fingers is 125 lm and the surface coverage by the grid is 8.8% excluding the busbars.
For uncoated solar cells, the transmittance of incident photons to the semiconductor material is heavily dependent on the AOI. A cell equipped with an ARC will show a different transmission curve, but generally these cells also show increased reflections at oblique AOI. The applied ARC on the studied cells consists of 65 nm Al 2 O 3 on 50 nm TiO x . 2
Electrical characterization
J-V characterization of the solar cells is performed using an ABET technologies Sun 2000 Class A solar simulator, which provides homogeneous, parallel illumination over a 100 Â 100 mm 2 area. An Ushio 550 W Xenon short arc lamp is used to approximate the AM1.5 spectrum. The setup is equipped with a Keithley 2401 sourcemeter and data acquisition is performed using ReRa Tracer3 software. The J-V curves of three cells have been measured in duplicate for AOI of 0-83°. The AOI is modified by pivoting the cell along the h p and h s orientations, the resp. angles quantified using a digital level with an error margin of 0.1°. During measurement, the solar cell is kept at 25°C by water cooling.
Geometrical grid finger analysis
As will be shown in Section 4.1, the AOI dependency of current generation is non-identical for h p and h s orientations. This difference must be explained by the orientation and geometry of the front metal grid.
The ratio of the different fractions of light L i and l i (as defined in Section 2.2 and Fig. 2 ) is evaluated analytically for each h. Also the incidence angles of light for fractions L a and L b on the cell surface will differ from that of L s for most h due to the inclined sides of the grid finger; these angles are also determined. The experimental data from J SC ðh p Þ is used to determine EQEðhÞ at the semiconductor surface, accepting/neglecting the minor error caused at the J SC ðh p Þ measurements for the fractions L a and L b (at 2.13% each), where the AOI at the semiconductor surface is larger than that of the vast direct fraction, L s .
Upon reflection at the grid finger, as a result of surface roughness, diffusion or reflective scattering may occur (Welford, 1977) . For that reason, in addition to the analytical calculation, 3D ray tracing simulations are performed using Scientrace ray tracing software 3 that allow the inclusion of reflective scattering at the grid finger surfaces. 4 In these simulations, upon reflection at the surface, the surface normal about which reflection occurs is virtually modified with a static angle in a random direction determining the reflected direction. Note that changing the surface normal with angle Dw results in a possibility cone with a side-to-side angle of 4Dw. Typical reflection alterations are illustrated in Fig. 3 .
SOE concentrator models
Common examples of SOEs are based on external reflection at coated surfaces (Jaus et al., 2009) or refraction (James, 1989; Benitez et al., 2010) , sometimes combined with full internal reflection (Victoria et al., 2009 ), using transparent dielectrics. A basic configuration, as illustrated in Fig. 5a , is simulated to study the effects of refractive SOEs on the distribution of incident angles at the solar cell. A PMMA (Appendix A.1) Fresnel lens with a 40 Â 40 mm 2 square surface and a focal distance of 80 mm is simulated as a primary optic. The simulated SOEs are given the optical properties of standard BK7 glass, further detailed in Appendix A.2.
The SOE shown in Fig. 5b is a truncated pyramid (TP). This is an example of a kaleidoscope-type glass SOE or F-RTP system as described by Mohedano and Leutz (2016) . The top and bottom squares are resp. 6 Â 6 mm 2 and 2 Â 2 mm 2 . The height of the pyramid is 10 mm.
The base of the Double Truncated Pyramid (DTP), as shown in Fig. 5c is equal to that of the TP SOE, but on top a second, shorter, truncated pyramid is adjoined. The top and bottom squares of this second pyramid are resp. 2 Â 2 mm 2 and 6 Â 6 mm 2 , but the height of this top truncated pyramid is only 0.4 mm. This geometry creates an angle of 90°between the adjoining sides of the two pyramids, adding additional concentration by refraction to the basic TP shape as the edges normals are now directed at the cell center. For a quantitative comparison of incident angles at the cell, the reference setup shown in Fig. 5d has only a glass flat plate (FP) with the same optical properties as the TP and the DTP SOEs. In all setups, the focal point of the Fresnel lens is aimed at the topmost surface of the SOE.
SOE ray tracing
The PMMA Fresnel lens used to simulate the optical efficiency of the different COE configurations described above, is made up of 128 Fresnel planoconvex rings. The flat side of the lens points towards the light source. 'Aspheric-like lens behavior' is obtained in the simulations by using spherical Fresnel rings with a radius optimized for each ring.
The refractive properties of the PMMA cause the focal point of the lens to be wavelength dependent. The defined focal distance 2 AlO x and TiO x have refractive indices of n AlOx % 1:4 À 1:6 (Fiore et al., 1998) , Dumeige et al. (2002) and n TiOx % 3 respectively, according to SOPRA data. Based on partial reflections on the ARC layers as described by the Fresnel equations, neglecting the minor fraction of reflections at the top subcell (InGaP), a close match between calculation and experimental data is achieved.
of the lens has only a single concentration wavelength (k c ) for projection. k c which will be determined to produce the best performance for a given spectrum using Scientrace. The spectrum used in the simulations is derived from the NREL ASTM G-173 Direct + Circumsolar spectrum (NREL, 2012) , and can be found in the Scientrace repository on Github (Bos-Coenraad, 2016). Other factors influencing system performance are the angular aperture of the sun, and errors in the optical components and/or their alignment.
Instead of modeling roughnesses and errors of the optical components the angular aperture of the incident light (h a ) at the Fresnel lens has been increased from the sunlights default of h a ¼ AE0:25 up to h a ¼ AE0:75 .
Results and discussion
Electrical performance
As a part the J-V curve measurements, short circuit current densities for the AOI ranges h s and h p are obtained using four-terminal sensing. Averages for N J SC ðh p Þ and N J SC ðh s Þ over six separate measurement series are plotted with their standard deviations in Fig. 6 . The obtained experimental data for N J SC ðh p Þ (continuous blue line in Fig. 6 ) drops below 1 when h P 35 , indicating a loss of performance in the solar cell efficiency for illumination angles exceeding this point. The deviation increases severely as the AOI increases further; up to an efficiency loss of 40% for AOI of 83°. In a first order approximation of the amount of light actually entering the semiconductor volume, N J SC ðh p Þ and the theoretical transmission through the ARC N T ARC ðh p Þ (dashed blue line in Fig. 6 ) are compared. N T ARC ðh p Þ is based on partial Fresnel reflections while reflections off the InGaP surface, and interference effects are neglected. A close overlap between the two curves is observed, indicating that the increased reflections at the ARC surface under oblique angles are the major cause of the noted efficiency loss. 5 For N J SC ðh s Þ (continuous orange line in Fig. 6 ) an even stronger efficiency loss of an additional 18% at 83°AOI is observed, and also it starts from a lower AOI of approximately 20°. In this case the incident light beam is oriented orthogonal to the inclined sides of the grid fingers as shown in Fig. 2 . Therefore as AOI increases, an increasing fraction of light will fall on these side walls as opposed to directly on the ARC. Reflections off these inclined surfaces will cause this increasing fraction of light to reach the solar cell surface at an even more oblique angle, as is further detailed in Appendix B. The cumulative effects of an increasing fraction of light reaching the cell at angles steeper than the set AOI is a cause for the noted difference in cell efficiency for h p and h s illumination orientations. Yet when these effects are taken into account in the calculation of the theoretical transmission through the ARC for orthogonal beam orientation, N T ARC ðh s Þ (dashed red line in Fig. 6 ), no satisfactory overlap with N J SC ðh s Þ is found for AOI beyond 30°. The calculation displays a fast drop at this point that is not noted in the measurements. In these calculations the grid fingers were treated as perfect reflectors, and the fast drop occurs when the increasing fraction l a enters the semiconductor surface at an incident angle of 80 . This increases to horizontal reflection (90 ) at h s ¼ 40 . At this point, this fast drop in the N T ARC ðh s Þ curves ends, since aðh s ¼ 40 Þ ¼ 90 , hence the entire reflected fraction is lost at h s P 40 . As is apparent, in a real solar cell these grid fingers will not be perfect mirrors.
Geometrical grid finger analysis
As shown in Fig. 6 the fast drop in N T ARC ðh s Þ is absent in the measurements for NJ SC ðh s Þ. Because in a real device the grid fingers are rough on a micrometre scale (see also Fig. 4) , reflective scattering at the grid will take place. Here, we introduce this scattering into the analysis in an effort to explain the discrepancy between the calculated N T ARC ðh s Þ and experimentally obtained N J SC ðh s Þ values. As these analyses are too complex to perform analytically they are performed using 3D ray tracing simulations. To visualize the equivalence between the analytical calculations and ray tracing, results from simulations without scattering (w ¼ 0 ) are included Fig. 6 as N T ARC;sim ðh s Þ. This clearly shows that the results of the simulations perfectly match of the analytic calculations N T ARC ðh s Þ. becomes less pronounced as it occurs at an increasingly steeper part of the curve. Again, the location signifies the AOI for which L a undergoes horizontal reflection with respect to the cell surface and is therefore lost. The studied concentrator solar cells have have grid lines with c ¼ 65 . In Fig. 7b normalized transmission simulations for a solar cell with this grid configuration are compared to the experimentally obtained N J SC ðh s Þ. Each curve represents a different degree of scattered reflections at the grid metal, quantified by w as described in Section 3.3. The figure shows that the introduction of scattered reflections smooths out the AOI dependent transmission curve, rapidly eliminating the fast drop.
For w ¼ 25 the simulated transmission closely matches the experimentally obtained N J SC ðh s Þ data, indicating that the observed differences between J SC ðh s Þ and J SC ðh p Þ can be fully explained by scattered reflection from the sloping sides of the gridfingers. Fig. 7 also shows that enhanced scattering is beneficial for the transmission of light to the solar cell as it salvages part of the increasing fraction of light that would otherwise reflect away from the solar cell for oblique illumination angles.
SOE ray tracing simulations
The optical properties of three model secondary optics have been investigated, in order to compare the benefit of using a SOE to the introduced loss of performance caused by the increased average illumination angle of the solar cell. The optical efficiency g opt of the SOE concentrator models is determined for the AM1.5 spectrum as a function of the concentration wavelength (k c , Fig. 8a) using Scientrace. This analysis shows that the FP model is most susceptible to dispersion related losses, while the concentrating SOEs (TP and DTP) are barely influenced. In favor of the short wavelength photons in the spectrum, that are usually limiting the performance of concentrator solar cells, and as a compromise for all SOE models, k c is defined at 650 nm in all of the following simulations. The benefit of the concentrating SOEs is also illustrated by Fig. 8b where g opt is determined as a function of the angular aperture of the incident light. The TP and DTP SOEs still are able to function well at lesser beam qualities.
The dashed line shows that when a FP is employed, in order to reach a similar optical efficiency 6 as when using a TP SOE, the angular aperture should be reduced by a factor of 2.8. A very similar result has been found for a Compound Parabolic Concentrator (CPC) by Victoria et al. as plotted in their figure 2 Victoria et al. (2009) . Although the TP and the CPC have different base geometries, in many aspects they behave similar. It should be noted that the acceptance angle described in the referred study is not the same as the angular aper-ture in this study, but both variables can readily be used to describe the sensitivity/robustness of the optical system. In addition, the referred simulation does not include dispersion effects from the primary optics nor do the dimensions of the used optics match. Despite these differences in setup, the improvement of the system by both SOEs show clear similarities. For the CPC optic an increase in angular transmission by a factor of 3.33 was found for 90% optical efficiency, and 2.85 for 80% optical efficiency, compared to a steady increase of a factor 2.8 for the TP optic in the current study. Fig. 9 shows the optical efficiency of light on the solar cell as a function of the incidence angle for the three SOE configurations. As such, it reflects the distribution of AOIs for incident photons for each configuration, and shows how the use of the SOEs alters the AOI distribution at the cell surface. Here, the ''overall angle" represents h for a photon incident at the cell surface regardless of its orientation u. Conversely in the ''plane angle" graph h is deconvoluted into its projections h p and h s . Due to rotational symmetry in the studied SOEs, these distributions overlap completely. The figure shows that while for the FP system h remains at near-normal incidence, for the TP and DTP configurations the average h increases as light incident at the cell surface in the 20-50°range is introduced. Note that h in the 20-30°range arise due to a single internal reflection in the SOE, while higher values of h are caused by two or more internal reflections. Therefore the angular distributions are integrated for these intervals separately and shown in Fig. 10 . Here, we show that although the average AOI is greatly increased when a SOE is employed, this is offset by an increase in optical efficiency exceeding 10%. However, it should be considered that 30°angle in a BK7 medium (n % 1:5) equals a 49°angle in vacuum (n 1:0), whereas 40°in BK7 equals 75°in vacuum (a vac ¼ sin À1 n BK7 a BK7 ). Especially for the latter, grid orientation related losses can become over 10%. Therefore if an asymmetric CPV system is being considered, or inhomogeneous primary optic illumination is expected (Bunthof et al., 2016) , this effect should be taken into account. For instance when using a regular straight grid the cell should be oriented carefully with respect to the optics to minimize these grid-induced optical losses. Alternatively, more advanced grid patterns may also provide a way to minimize these effects (Bissels et al., 2011) .
Conclusions
Using the normalized current density as a parameter, the electrical performance of TJ CPV solar cells for varying angles of incident illumination has been studied in detail. While the k in EQEðk; hÞ (Eq. 4) is almost entirely related to semiconductor properties, this study shows that h can be explained almost entirely by the ARC and the grid contact configuration and morphology. During experimental testing, the solar cells perform considerably, and increasingly worse as illumination becomes more oblique. A performance reduction of up to 58% has been determined for an AOI of 83°. This loss of performance is mainly attributed to the optical properties of the ARC because calculated AOI dependent transmission through this coating correlates excellently with the observed AOI dependent cell performance. A second loss mechanism has been identified and attributed to the front contact grid by propagating the AOI orthogonal to the grid fingers. In this case an increasing fraction of illumination will interact with the sides of the grid metal for increasing AOI. Therefore the specific shape and orientation of the grid fingers become an increasingly important source of cell performance loss for oblique illumination. As a consequence, an additional loss in current generation of up to 18% has been attributed to the front grid. This loss of performance cannot be fully explained by increased Fresnel reflections off the ARC for the fraction of incident light that reflects off the grid. Ray tracing simulations however, demonstrated that the additional loss in electrical performance can be fully explained by scattered reflections off the grid fingers, which were shown to exhibit a rough surface on a microscopic scale. Because of this, the electrical losses in the solar cell at oblique angles would actually be higher if the sides of the grid fingers are perfectly smooth.
The optical properties of three model SOEs have been investigated, in order to compare the benefit of using a SOE, to the introduced loss of performance caused by the increased average illumination angle of the solar cell. The optical efficiency of the system as a function of photon wavelength has been shown to be significantly higher for the studied truncated pyramid SOEs compared to a flat glass plate, with more than 15% absolute increase in optical efficiency for each wavelength. Also a strong increase in angular acceptance of a factor of 2.8 has been shown for the TP SOEs. On the other hand the SOEs introduce illumination angles in the 20-50°range, while simultaneously diminishing the fraction of nearnormal (0-10°) illumination compared to the glass plate. When all three of these factors are taken into account, both TP and DTP SOEs display an optical efficiency that exceeds that of the glass plate by more than 10%, which clearly illustrates the benefit of using a SOE in a lens based CPV system. In the current study this was demonstrated for a system with a circular Fresnel lens primary optic, and SOEs that have 90°rotational symmetry. In CPV systems where either optic is not symmetric (i.e. parabolic trough and/or prism based systems) however, the performance diminishing effect of the non-normal illumination may be greater due to the influence of the front grid as demonstrated in this work. Therefore grid orientation or design with respect to the optical system should be taken into account and optimized in such systems. l h ¼ h tanðh s Þ; l c ¼
